In this study, three-dimensional conformal radiation therapy (3D-CRT), intensity-modulated RT (IMRT), and volumetric-modulated arc therapy (VMAT) techniques were compared in patients with glioblastoma multiforme (GBM) receiving RT. Comparisons were made in terms of sparing the organs at risk (OAR), by using European Organisation for Research and Treatment of Cancer-Advisory Committee on Radiation Oncology Practise (EORTC-ACROP) guideline.
Conformity index and homogeneity index were calculated for all treatment plans. Conformity index was defined as the ratio between the tissue volume included in the reference isodose (95% prescribed dose) and the PTV volume (ml; ICRU 62; conformity index=Vri/ PTV). The optimal conformity index was 1. [22] The homogeneity index was calculated to evaluate the homogeneity of the dose distribution within the PTV. It is defined as the ratio of the difference between dose at 2% (almost maximum) and at 98% (almost minimum) of the target and the median dose to the target homogeneity index=(D2%-D98%)/D50% (ICRU 83). Doses of B-PTV Dmean, V5Gy, and V50Gy of B-PTV volumes, optic chiasm Dmax, ipsilateral/contralateral optic nerve Dmax and cochlear Dmean, brainstem Dmax, pituitary gland Dmax, ipsilateral/contralateral eye Dmax, ipsilateral/contralateral lacrimal gland Dmax, ipsilateral/contralateral intraocular lens Dmax; and conformity and homogeneity index were statistically compared by paired sample t-test. A P value of <0.05 was considered statistically significant.
Results
Median PTV was 303.6 ml (151-502 ml). Tumor localization was located in right parietal lobe in one patient, right temporoparietal lobe in one patient, right temporal lobe in four patients, right temporo-occipital lobe in one patient, left frontal lobe in two patients, and left temporal lobe in one patient. The lowest (median 21.5 Gy) B-PTV Dmean dose was obtained in IMRT. In the VMAT plan, the median dose of B-PTV Dmean was 2 Gy higher than IMRT plan. The median dose of 3D-CRT plan was 10.8 Gy higher than the IMRT plan (Table 2) . B-PTV volume that received at least 5 Gy was similar in three plans, but it is significantly lower with 50 Gy in IMRT (8.9%) and VMAT (8.7%) than 3D-CRT (44.1%; p<0.001; Fig. 1 ).
Optic chiasm Dmax median doses of 60.6 Gy, 50.1 Gy, 51 Gy were detected in 3D-CRT, IMRT, VMAT treatment plans, respectively. Optic chiasm was significantly better preserved in IMRT and VMAT planning methods (3D-CRT vs. IMRT, p=0.021; 3D-CRT vs. VMAT, p=0.008). There was no difference between IMRT and VMAT (p=0.205; Table 2 ).
The contralateral optic nerve was significantly better preserved in both IMRT (median 22.4 Gy) and VMAT (median 27.2 Gy) when compared to 3D-CRT (median 61.5 Gy). There was no statistically significant difference between IMRT and VMAT. Although there was no statistically significant difference between the three plans at the median dose of the optic nerve, it was better preserved with IMRT and VMAT ( Table 2) .
Brainstem Dmax median doses of 60.3 Gy, 54.3 Gy, 52.8 Gy were detected in 3D-CRT, IMRT, and VMAT treatment plans, respectively. The brainstem was significantly better preserved in IMRT and VMAT (3D-CRT vs. IMRT, p<0.001; 3D-CRT vs. VMAT, p=0.015). VMAT preserved brainstem better than IMRT (p=0.015; Table 2 ).
Pituitary gland Dmax median doses were 60.1 Gy, 47.7 Gy, and 42.7 Gy in 3D-CRT, IMRT, VMAT, respectively. Pituitary gland sparing was statistically better in IMRT and VMAT than in 3D-CRT, whereas the lowest organ dose was obtained in VMAT (p=0.009, p=0.003, p=0.023, respectively; Table 2 ).
The contralateral cochlea and ipsilateral cochlea doses were significantly higher in IMRT (median 13.4 Gy and 22.6 Gy, respectively) and VMAT (median 14 prescribed dose to target was 60 Gy/30 fractions. The goal of the optimization for RT plans was to cover 95% target volume with 100% prescribed dose. The Eclipse treatment planning system (Varian, Palo Alto, CA) and Analytical Anisotropic Algorithm were used to create treatment plans. The calculation grid setting was 2.5 mm, and 6-MV photon beams were utilized with Varian Trilogy linear accelerator. 3D-CRT plans were created using two opposing coplanar fields with a multileaf collimator margin of 5 mm. IMRT plans were created using seven coplanar fields separated with equal angles. Sliding window technique, which allows collimator leaves movement while irradiation continues, was chosen. Different collimator angles were used so as to provide high conformity and dose homogeneity. In this study, triple arc was performed for VMAT plans. The triple arc was consisted of three complete arcs set from 179° to 181° (counter clock wise), from 181° to 179° (clock wise), and from 179° to 181° (counter clock wise), respectively. The couch angle was set to 0° and the collimator angles were defined as 30°, 330°, and 90° for all VMAT plans. The reason of choosing different collimator angles was to avoid the tongue-and-groove effect. For a fair comparison, the same optimization template was used with IMRT. Reoptimizations were made until the desired results were acquired for both IMRT and VMAT planning. PTV volume was removed from normal brain tissue and brain−PTV (B-PTV) volume was generated. Dose constraints for OARs: optic chiasm maximum dose (Dmax) <54 Gy, (secondary criteria: Dmax <60 Gy), optic nerve Dmax <54 Gy (secondary criteria: 55 Gy), cochlear mean dose (Dmean) <45 Gy, brainstem Dmax <54 Gy (secondary criteria: Dmax <60 Gy, D59Gy <10 ml), pituitary gland Dmax <50 Gy (secondary criteria: Dmax <60 Gy), the eyes Dmax <45 Gy, lacrimal gland Dmax <40 Gy, intraocular lens Dmax <6 Gy (secondary criteria: <10 Gy; Table 1 ). similar or better target coverage and better preservation of normal tissues when compared to three-dimensional conformal RT (3D-CRT). [3] [4] [5] [6] [7] [8] [9] Studies comparing volumetric-modulated arc RT (VMAT) treatment planning with IMRT treatment plans have shown similar target coverage with better normal tissue sparing with VMAT (occasionally) and shorter treatment time. [8, [10] [11] [12] [13] In previous comparative studies for 3D-CRT and/or IMRT and/or VMAT, preoperative and postoperative MRI, only postoperative MRI, varying clinical target volume margins, varying dose schedules (including simultaneous integrated boost) have been used for target volume delineation. [6] [7] [8] [9] 12, [14] [15] [16] [17] [18] [19] As emphasized in the guidelines for RT for glioblastoma published by the American Society for Radiation Oncology in March 2016, four main target delineations of different cooperative groups (single-phase treatment or two-phase treatment volume, involving or not involving edema) exist, and these are defined by the postoperative MRI but have different target definitions. [2] We aimed to investigate the effects of 3D-CRT, IMRT, and VMAT treatment plans on the doses of OARs, by using European Organisation for Research and Treatment of Cancer-Advisory Committee on Radiation Oncology Practise (EORTC-ACROP) target delineation, which has not been evaluated previously. [20] 
Materials and Methods
Ten consecutive patients who were diagnosed with GBM and underwent treatment were selected. Rigid fusion was performed using Mim-Version 6.5 (MIM Software Inc. US) program with the patients' simulation computed tomography (CT) imaging and postoperative magnetic resonance imaging (gadolinium contrast-enhanced T1-weighted MRI). Gross tumor volume (GTV) was defined as the surgical resection cavity plus any residual contrast-enhancing tumor (postcontrast T1-weighted MRI scans) as described in the ESTRO-ACROP guideline. Clinical target volume (CTV) was created by adding a 2-cm margin to GTV. In addition, CTV was revised manually (tentorium, skull, falx cerebri, etc.) by considering the anatomical barriers. The planning target volume (PTV) was created by adding a margin of 5 mm to CTV. The ESTRO-ACROP guideline and the study of Scoccianti et al. were taken as a reference, and OARs and dose constraints were established. [20, 21] PTV and normal tissues were delineated by the same radiation oncologist. 3D-CRT, IMRT, and VMAT plans were generated on CT images for each patient by the same medical physicist. The Table 1 Organs at risk and dose constraints Gy and 26.2 Gy, respectively) than in 3D-CRT (median 53.8 Gy and 58.7 Gy, respectively; p=0.003 and p=0.002, respectively). Bilateral cochlear sparing was similar in IMRT and VMAT ( Table 2 ). The contralateral eye was similarly spared in all three plans. There was no statistical difference between the ipsilateral eye Dmax in 3D-CRT (median 22.9 Gy, 0.4-65.6), IMRT (median 34.5 Gy, 21.5-52.9) and VMAT (median 24 Gy; 8.9-47.1). However, the ipsilateral eye Dmax was statistically lower in VMAT than in IMRT (p=0.006). VMAT provides the best sparing for ipsilateral eye ( Table 2) .
The contralateral lacrimal gland was similarly spared in all three plans. There was no statistical difference for the ipsilateral lacrimal gland Dmax between 3D-CRT (median 27.7 Gy, 0.3-65.9), IMRT (median 36.2 Gy, 15.2-43.6), and VMAT (median 27.8 Gy, 10.3-40.5). However, ipsilateral lacrimal Dmax significantly lower in VMAT than IMRT (p=0.002). VMAT showed the best sparing for the ipsilateral lacrimal gland (Table 2) .
Median doses of contralateral intraocular lens Dmax were 3.1 Gy, 6.2 Gy, 6 Gy in 3D-CRT, IMRT, and VMAT treatment plans, respectively; there were no significant difference between three plans. Median doses of ipsilateral intraocular lens Dmax were 2.1 Gy, 7.2 Gy, 6.5 Gy in 3D-CRT, IMRT, and VMAT treatment plans, respectively. There was no significant difference between IMRT and VMAT, but the lowest dose was obtained with 3D-CRT ( Table 2) .
A similar homogeneity index was obtained in all three plans. Conformity index median values were 2.3, 1.1, and 1 in 3D-CRT, IMRT, and VMAT treatment plans, respectively. Compared with 3D-CRT, a more conformal treatment plan was obtained with both IMRT and VMAT. Although the difference was low, VMAT treatment plan was statistically significant more conformal (Table 2 ).
Discussion
Some studies comparing different treatment planning techniques have been published in the literature. There are six studies comparing 3D-CRT and IMRT. [3, 4, 6, 7, 18, 23] Lorentini et al. replanned 17 GBM patients previously treated with both 3D-CRT and IMRT. [18] They described GTV as the resection cavity plus any contrast-enhancing area in post-gadolinium T1-weighted MRI. CTV was created by adding 2-cm margin to GTV. Natural anatomical barriers (e.g., bone, tentorium, falx) were then manually corrected. CTV was established by adding a 0.5-cm margin to PTV. They have reported that IMRT provides better target coverage while providing similar OARs sparing and decreased healthy brain irradiation. Thibouw et al. studied retrospectively 220 patients with glioblastoma treated with 3D-CRT and IMRT. [23] They compared dosimetric parameters as well as clinical and survival data with the aid of these two techniques. As a result, they reported that better target conformity was achieved in patients by IMRT, and a reduction in neurological toxicity. Hermanto et al. dosimetrically compared 3D-CRT and IMRT plans in 20 patients with high-grade glioma. GTV, in T1-weighted MRI scan, was defined as the post-resection cavity plus any residual contrast-enhancing tissue. [6] CTV was created by adding a 2-cm margin to GTV. PTVinitial was created by adding a 0.5-cm margin to CTV, and PTVboost was created by adding a 0.5-cm margin to GTV; hence, a two-phase treatment plan was formed. As a result, they reported that IMRT provides improved target conformity and better sparing for OARs without increasing the volume of normal tissue irradiated with integral dose and low-dose radiation. The brainstem, optic chiasm, bilateral optic nerves were reported to receive lower doses. MacDonald et al. dosimetrically compared 3D-CRT with IMRT plan in 20 patients with high-grade glioma.
[3] The prescribed dose was 59.4 Gy delivered at 1.8 Gy per fraction. Eventually, they reported that IMRT improved target coverage and decreased radiation dose in the brain, brainstem, and optic chiasm. Chan et al. applied 59.4 Gy for GTV plus a margin of 2.5 cm in five patients with GBM in both 3D-CRT and IMRT plans, and 70 Gy for GTV in IMRT with a simultaneous boost in IMRT. [4] They showed that IMRT better preserved normal brain and other critical structures, and that it could be applied simultaneous boost for GTV. Piroth et al. compared 3D-CRT and integrated-boost IMRT by using preoperative and postoperative MRI and including perifocal edema around the tumor. [7] The total dose was prescribed for 72 Gy and 60 Gy for PTV1 and PTV2, using daily fractions of 2.4 and 2 Gy. They achieved more homogeneity and conformity with integrated-boost IMRT. In our study, we performed a target delineation using the ESTRO-ACROP guideline. In all three treatment plans, total radiation dose was defined as 60 Gy in 30 fractions in a single phase. Compared to IMRT and VMAT, B-PTV Dmean dose was the highest in 3D-CRT. Optic chiasm Dmax, contralateral optic nerve and bilateral cochlear Dmean, pituitary gland Dmax, ipsilateral intraocular lens Dmax were significantly higher in 3D-CRT. Conformity index was sta- Table 2 Comparison of distribution of doses on normal tissues of EORTC volume planning through three different techniques in glioblastoma multiforme radiation therapy A: 3 dimensional conformal radiotherapy, B: Intensity modulated radiation therapy, C: Volumetric modulated arc therapy, X: Mean, SD: Standart deviation, PTV: Planning target volume tistically significant lower, although 3D-CRT showed similar homogeneity to the other two treatment plans. Buglione et al. compared 3D-CRT, IMRT, and tomotherapy and defined GTV as areas that contrasted with preoperative/postoperative MRI T1 sequences in 10 patients with glioblastoma. CTV was defined as GTV plus a 2-cm margin. [14] They modified CTV according to anatomical boundaries such as skull bones, ventricles, and OARs. The prescribed dose was 60 Gy. They reported a significant dosimetric advantage with tomotherapy in comparison to 3D-CRT and IMRT. Another similar study was published by Zach et al. [9] They constructed four different treatment plans, including 3D-CRT, sequential boost IMRT, integrated-boost IMRT, and tomotherapy, by using two-phase dose definition for 20 high-grade glioma patients. Peritumoral edema was included when defining the treatment volume.
At the end of the study, optic chiasm, and ipsilateral glob mean doses were the highest in the 3D-CRT plan, whereas the lowest in integrated-boost IMRT. Contralateral glob mean dose was the highest in tomotherapy plan. The mean of the integral dose to the brain was least with the integrated-boost plan and was lower with IMRT than in 3D-CRT. The researchers reported that the single treatment planning method was not superior to the others. In the present study, the best B-PTV mean dose was achieved with the IMRT plan. Adeberg et al. compared IM proton therapy (PRT), VMAT, and 3D-CRT treatment plans in 12 patients with high-grade glial tumors. [15] They used a volume definition containing tumor cavity and edema in postoperative MRI. Compared with 3D-CRT and VMAT, PRT showed a statistically significant dose reduction in whole-brain mean dose, brainstem, pituitary gland, contralateral hippocampus, and contralateral subventricular zone. Navarria et al. performed treatment plan assessment, progression-free survival, and overall survival analysis in patients with high-grade 341 gliomas treated with 3D-CRT and VMAT. [17] They created CTV by adding an isotropic 10-mm margin to GTV on preoperative contrast-enhanced T1-weighted MRI, the resection cavity on postoperative MRI, and the presence of abnormality FLAIR area, and if present, the residual tumor. They defined PTV by expanding CTV isotropic by 3 mm. They reported that VMAT is superior to 3D-CRT in dosimetric and clinical results. In the first of three studies comparing VMAT and IMRT, Shaffer et al. evaluated these two planning methods dosimetrically in 10 patients with frontal and temporal high-grade glioma. [12] They defined GTV as contrast-enhancing tumor volume on T1-weighted MRI scans. GTV was expanded by 2 cm; hence, CTV was formed after incorporating postoperative tumor area and T2-weighted MRI (three-dimensionally). CTV was expanded by 0.5 cm to create PTV. They used single-phase plan with 60 Gy in 30 fractions. As a result of the study, PTV coverage, homogeneity, and conformity were found to be similar/equal. They reported a statistically significant decrease in VMAT maximum and mean retinal, intraocular lens, and contralateral optic nerve doses. Davidson et al. compared IMRT, single-arc VMAT, and the addition of partial arc plans in six brainstem gliomas and six GBM patients. [16] In patients with GBM, GTV was defined as the postoperative tumor volume in post-gadolinium enhancing T1-weighted MRI scan. CTV was created by adding 1.5 cm margin to GTV, and PTV was created by adding 0.5 cm margin to CTV. It has been reported that VMAT provided similar dosimetric quality to IMRT but provided faster treatment delivery. Briere et al. compared VMAT and IMRT in 90 patients with GBM in whom 50 Gy was administered in 30 fractions for PTV and 60 Gy was administered in 30 fractions for simultaneous integrated-boost PTV. [19] They defined GTV and CTV according to the ESTRO-ACROP guideline but differently applied simultaneous integrated boost. Mean dose in the brainstem, ipsilateral, and contralateral cochlea was lower in VMAT. Total treatment time was 5 min shorter. Compared VMAT to IMRT in patients with GBM, the similar target coverage, better sparing of brainstem and cochlea, and shorter duration of treatment can be achieved. In the present study, maximal doses of the brainstem, pituitary gland, ipsilateral eye, and ipsilateral lacrimal gland were significantly lower with VMAT compared to IMRT, and better OARs sparing were obtained. Wagner et al. compared VMAT, IMRT, and 3D-CRT, which is only such study in the literature. [8] GTV in 14 patients defined as primary tumor/tumor field in T1-weighted preoperative MR images. CTV was created by expanding the GTV in all directions by 1.5 cm. IMRT technique showed better PTV coverage than VMAT. The advantage of VMAT is shorter treatment time, lower monitor units, and a small V107%. If the PTV is distant from the OAR, use of the 3D-CRT technique is safe. In other cases, the intensity-modulated technique should be used. In the present study, the target coverage with IMRT and VMAT were statistically significant better than 3D-CRT.
Conclusion
Normal brain tissue was best spared in the IMRT plan among three different treatment plans assessed, according to EORTC-ACROP guide target volume and treatment dose definition. The maximum doses of the contralateral eye, lacrimal gland, and intraocular lens were similar in all three plans. Although the maximum doses of optic chiasm, ipsilateral intraocular lens and, the mean doses of bilateral cochlea were lower in IMRT and VMAT than in 3D-CRT, both methods provided similar preservation. The maximum doses of ipsilateral eye and lacrimal gland were similar in 3D-CRT and IMRT, whereas they are significantly lower in VMAT.
The maximum doses of brainstem and pituitary gland were lower in VMAT than in the other planning methods. VMAT provided improved conformity index and good homogeneity in GBM RT using the EORTC-ACROP target and dose definition. The best sparing for OARs was obtained with VMAT technique.
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